Chronic cocaine use in humans and animal models is known to lead to pronounced alterations in neuronal function in the nucleus accumbens (NAc), a brain region associated with drug reinforcement. Two-dimensional gel electrophoresis was used to compare protein alterations in the NAc between cocaine overdose (COD) victims (n = 10) and controls (n = 10). Following image normalization, spots with significantly differential image intensities (P < 0.05) were identified, excised, trypsin digested and analyzed by matrix-assisted laser desorption ionization-time of flight-time of flight. A total of 1407 spots were found to be present in a minimum of five subjects per group and the intensity of 18 spots was found to be differentially abundant between the groups, leading to positive identification of 15 proteins by peptide mass fingerprinting (PMF). Of an additional 37 protein spots that were constitutively expressed, 32 proteins were positively identified by PMF. Increased proteins in COD included b-tubulin, liprin-a3 and neuronal enolase, whereas decreased proteins included parvalbumin, ATP synthase b-chain and peroxiredoxin 2. The present data provide a preliminary protein profile of COD, suggesting the involvement of novel proteins and pathways in the expression of this complex disease. Additional studies are warranted to further characterize alterations in the differentially regulated proteins. Understanding the coordinated involvement of multiple proteins in cocaine abuse provides insight into the molecular basis of the disease and offers new targets for pharmacotherapeutic intervention for drug abuse-related disorders.
Introduction
Cocaine abuse/dependence is a devastating neuropsychiatric illness characterized by chronic and persistence drug use usually involving patterns of abstinence and binge use, impaired social and occupational functioning, paranoid ideation, aggression, anxiety and depression. 1 Historically, the abuse liability of cocaine is attributed to the direct effects of the drug on dopamine uptake blockade, yielding elevated extracellular dopamine concentrations that occur in discrete areas of the brain, specifically the nucleus accumbens (NAc), ventral tegmental area (VTA), prefrontal cortex -regions of the mesolimbic dopamine pathway, which originates in the VTA and projects to several forebrain regions, most notably the NAc. [2] [3] [4] [5] In humans, neuroimaging studies have revealed cocaine-induced functional activation of the NAc following acute drug administration in cocaine-dependent subjects 6 and bilateral activation of the NAc following imagery-induced drug craving. [6] [7] [8] These data support numerous studies in animal models demonstrating the role of the NAc in the reinforcing effects of cocaine. [9] [10] [11] [12] [13] [14] Although regional and neurotransmitter-centric hypotheses have provided a framework for studying the acute and chronic effects of cocaine intake on the brain, detailed mechanisms of intracellular neuroadaptations have only recently become known. Repeated cocaine use induces biochemical adaptations in reinforcement-relevant brain regions [15] [16] [17] and these adaptations appear to be relevant to the processes of sensitization, craving, withdrawal and relapse. 18 In humans, the functional activity of the NAc is associated with the subjective effects of cocaine 6 and with craving for cocaine. 7, 8, 19 In addition to the cocaine-induced NAc plasticity, studies in rodent models indicate persistent or even permanent biochemical alterations in regions associated with the mesolimbic dopamine pathway including upregulation of the cyclic AMP (cAMP) pathway, [20] [21] [22] [23] [24] [25] [26] activator protein 1 family members [27] [28] [29] [30] [31] [32] as well as glutamate, dopamine, gaminobutyric acid (GABA) and opiate receptors, growth factors, cytoskeletal elements and cell metabolism.
Genomic analyses in human post-mortem tissue of cocaine overdose (COD) victims have confirmed the findings of studies employing rodent models and have revealed novel mechanisms of drug-induced neuronal and non-neuronal dysregulation in human post-mortem brain tissue. [42] [43] [44] [45] For example, Bannon and co-workers 42 examined gene expression in the NAc of post-mortem brain tissue of human cocaine abusers and controls and found significant alterations in several novel functional classes and transcripts including signal transduction, transcriptional and translational processing, neurotransmission and synaptic function, glia, structural and cell adhesion, receptors/transporters/ion channels, cell cycle and growth and lipid and protein processing. Interestingly, they identified several myelin-associated transcripts that were significantly decreased in the NAc of cocaine abusers including myelin basic protein (MBP), proteolipid protein 1 (PLP) and myelinassociated oligodendrocyte basic protein (MOBP), which were confirmed by quantitative PCR. In a separate cohort, Hemby and colleagues evaluated a targeted set of transcripts in the VTA and lateral substantia nigra (l-SN) and found significant upregulation of numerous transcripts and their encoded proteins in the VTA, but not l-SN, of cocaine overdose victims including the N-methyl-D-asparatate receptor subunit NR1, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor subunit GluR2 and kainate receptor subunits GluR5 and KA2 mRNAs. 43 Similarly, protein levels of NR1 and GluR2/3, with trends in GluR1 and GluR5, were found to be increased in the NAc but not putamen of cocaine overdose victims, 44 suggesting that these alterations are pathway specific and may contribute to persistent drug intake and craving in the human cocaine abuser. These studies suggest that multiple pathways are involved in the neuropathology and altered neuronal function of cocaine addicts. As noted for alcoholism, 46 such studies highlight the importance of using high-throughput technologies to study in more detail the neuropathology associated with addictive disorders. Although these studies have been highly informative in furthering our understanding of cocaine-induced transcriptional regulation contributing to long-term changes in primate brain, research determining coordinate changes in the expression of multiple proteins has been scarce. 47 To develop a more comprehensive understanding of the neuroadaptive processes involved in cocaine abuse, it is necessary, reasonable and timely to evaluate regional brain proteomes in human COD victims. To date, no large-scale analyses of protein expression in the human drug addicted brain have been made.
Recent technological developments have made the simultaneous, quantitative examination of hundreds to thousands of proteins and protein modifications possible in post-mortem brain tissue of individuals diagnosed with psychiatric illness, including alcoholism. 46, [48] [49] [50] [51] Such studies have confirmed the differential abundance of certain proteins and provided refined hypotheses regarding the molecular mechanisms of these diseases. Two-dimensional electrophoresis (2DE), which separates protein species by both isoelectric point and molecular weight, 52 has been widely used and recently been improved through the addition of direct labeling of proteins with cyanine (Cy) dyes to facilitate quantitation (two-dimensional difference gel electrophoresis (2D-DIGE)). [53] [54] [55] [56] Quantitative proteomics, such as 2D-DIGE, is an open discovery platform (i.e. proteins are identified post hoc) in which proteins of interest are excised from 2DE gels, digested with trypsin, analyzed by mass spectrometry and the masses are compared against predicted or known peptide profiles of proteins for matching via peptide mass fingerprinting (PMF). [57] [58] [59] Increased accuracy of identification can be accomplished through tandem mass spectrometry (MS/MS) to generate protein sequence data in addition to peptide masses.
The use of proteomic strategies, which provide broad and unbiased coverage of the proteome, can be used to understand the multitude of effects of cocaine on protein function. In the present study, identification of differentially expressed proteins from the NAc of COD and controls was assessed by fluorescence 2D-DIGE combined with tandem mass spectrometry analysis. Protein expression profiles of COD and controls were compared using DeCyder image analysis software and differentially expressed proteins were identified by matrix-assisted laser desorption ionization-time of flight-time of flight (MALDI-ToF/ ToF) mass spectrometry. In addition to proteins previously implicated in cocaine addiction, novel proteins were also identified.
Materials and methods

Subjects and tissue
Brain tissue was obtained at autopsy from agematched drug-free control individuals and COD victims at the University of Miami Brain Endowment Bank as described previously. 60, 61 A diagnostic neuropathology examination at the gross and microscopic level, of multiple cortical and subcortical areas, revealed no neuropathological abnormalities relevant to the mental status. The NAc from 10 control and 10 COD human subjects was used for this study (Table 1) . A semiquantitative neuropathological assessment found negligible neuronal loss, ischemic changes or reactive gliosis. All cases were retrospectively accrued based on the toxicological data and the circumstances surrounding death to carefully classify cocaine intoxication in the COD cases. This included a review of the prior arrest records and treatment admissions as well as pathological indications such as perforation of nasal septum and needle track marks. All the cases were evaluated for common drugs of abuse including alcohol. The positive urine screens were confirmed by quantitative analysis of blood to exclude cases from the study based on evidence of polydrug or alcohol use before death.
Cocaine and benzoylecgonine concentrations were assessed by gas chromatography-mass spectrometry from the brain as well as blood. 62 
Protein isolation and fractionation
The brains were photographed after removal and cut into 1.5 cm coronal blocks to be subsequently frozen in 2-methyl butane on dry ice at À301C and stored later at À801C. One hundred and fifty milligram punches were dissected from the blocks containing NAc and caudate/putamen. The frozen brain tissue was homogenized into a dry homogenate using a steel mortar and pestle chilled in dry ice. Subcellular fractionation into membrane, nuclear and cytoplasmic fractions was performed as described previously. 43, 44 For the purposes of this study, only cytosolic fractions were evaluated. Studies are underway to assess the membrane and nuclear proteomes using alternative separation methodologies to enable detection of hydrophobic proteins difficult to detect by gel-based methods. Tissue samples were homogenized in 10 mM HEPES, 10 mM NaCl, 1 mM KH 2 PO 4 , 5 mM NaHCO 3 , 1mM CaCl 2 , 0.5 mM MgCl 2 , 5mM EDTA, 1 mM phenylmethylsulfonylfluoride, 10 mM benzamidine, 10 mg/ml aprotinin, 10 mg/ml leupeptin and 1 mg/ml pepstatin. Homogenates were centrifuged using a swinging bucket rotor (Beckman Coulter SW55Ti) at 5333 g for 5 min and the supernatant (cytosolic and crude membrane fraction) fractions were further centrifuged at 59 255 g for 30 min at 41C and the cytosolic supernatant fraction collected was stored at À801C. The cytosolic protein fraction from each subject was precipitated with 2D clean-up kits (GE Healthcare, Piscataway, NJ, USA; according to the manufacturer's recommendation) at À201C overnight. The next day, samples were pelleted by centrifugation at 12 000 r.p.m. for 5 min. The pellets were air-dried for 2 min and resuspended in 50 ml of sample buffer (30 mM Tris-HCl, 2 M thiourea, 7 M urea and 4% CHAPS, pH 8.5). After the samples were brought within a pH range of 8.0-9.0 using 0.1 N NaOH, the protein concentration was determined using the 2D-Quant kits (GE Healthcare).
Cyanine dye labeling
Minimal labeling of the lysine residues was achieved by reaction with Cy dyes. A normalization (pooled) sample was prepared by combining 50 mg from each of the 20 samples. The labeling of 50 mg of protein sample (each sample) was optimized by labeling with Figure 1 and outlined in Table 2 . The labeling reaction was stopped by addition of 1 ml of 10 mM lysine on ice for 10 min. For each gel, the labeled pool sample and the labeled COD and control samples were mixed and an equal amount of rehydration buffer (2 M thiourea, 7 M urea, 2% dithiothreitol (DTT), 4% CHAPS and 2% pharmalyte (GE HealthCare)) was added and the total volume was brought up to 450 ml by Destreak rehydration buffer (GE HealthCare). 65 For the 'pick gel', 50 mg of pooled sample was labeled with the Cy2 dye, which was combined with 750 mg of unlabeled pool sample. An equal amount of sample buffer was added and the total volume increased to 450 ml by the addition of Destreak rehydration buffer.
Two-dimensional polyacrylamide gel electrophoresis
The isoelectric focusing (IEF) was carried out on Immobiline DryStrips (240 Â 3 Â 0.5 mm, linear 4-7 pH, GE Healthcare, Piscataway, NJ, USA) using the GE Figure 1 Schematic of 2D-DIGE procedure comparing cytosolic fractions from COD and control subjects. The schematic represents comparison of a COD victim and an age-matched control labeled with Cy3 dye and Cy5 dye, respectively. Note that dye labeling was counterbalanced across groups for the study. A normalization pool comprising all COD and control samples was labeled with Cy2 dye and used to normalize spot location across all gels. Following labeling, samples were mixed and electrophoresed by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). Ten subjects from each group were electrophoresed on ten 2D gels simultaneously. Each gel was scanned at three wavelengths (l) based on the excitation wavelengths of each dye. The images were further analyzed by DeCyder Image analysis software to determine differentially regulated protein spots. Gel images are representative and depict a defined section of the gel.
Healthcare EttanIPGphor apparatus. 64, 65 Sequential IEF was done by step-and-hold as follows: 10 h at 0 V, 1 h at 100 V, 1 h at 500 V, 1 h at 1000 V, 3 h at 8000 V (gradient; 13.5 kV h), 7.5 h at 8000 V for a total of 75.1 kV h. A maximum current of 50 mA was applied per strip, maintaining the platform temperature at 201C. After IEF, the IPG strips were equilibrated to reduce the disulfide bonds with gentle rocking for 10 min in equilibrating solution (6 M urea, 1.5 M Tris-HCl, pH 8.8, 30% (v/v) glycerol, 2% (w/v) sodium dodecyl sulfate (SDS) and 2% (w/v) DTT). To alkylate the SH groups of the proteins, the IPG strips were rocked for 10 min in solution containing 6 M urea, 1.5 M Tris-HCl, pH 8.8, 30% (v/v) glycerol, 2% (w/v) SDS and 2.5% (w/v) iodoacetamide. 66 The proteins were further separated on the basis of their molecular weight on a pre-cast 8-15% gradient SDSpolyacrylamide gel electrophoresis (SDS-PAGE) (2400 Â 2000 Â 1 mm, Jule Inc., Milford, CT, USA) at a constant 4 W using the Ettan Dalt II System (GE Healthcare). 67 Ten microliter of the molecular mass marker (Amersham Rainbow marker RPN 800) was loaded on 2 mm 2 filter paper, which was placed on the basic end of the IPG strip. 67, 68 The slab gels were fixed overnight in 30% (v/v) methanol and 7.5% (v/v) acetic acid in distilled water. 69 This was followed by washing the gels twice with DW (500 ml) for 10 min each. The 'pick gel' after fixation was stained with SyproRuby (Molecular Probes, Eugene, OR, USA) overnight as per the recommendations of the manufacturer. The next day, excess stain was removed by washing the gel twice with 10% methanol and 6% glacial acetic acid for 10 min each.
Gel image analysis
The Typhoon 9400 scanner (GE Healthcare) was used to scan all the gels at 100 mm resolution. The blue laser (488 nm) for excitation and 520 band pass emission filter was used for scanning the gel image of Cy2-labeled sample, the green laser (nm) for excitation and band pass emission filter was used for scanning Cy3-labeled sample and the red laser (633 nm) for excitation and 670 band pass emission filter was used for scanning Cy5-labeled sample. The photomultiplier tube was set to ensure maximum pixel intensity of 85 000-95 000 for all the images in every gel. To remove the extraneous areas of the gel image, the images were cropped using the ImageQuant V5.2 (GE Healthcare). The image analysis was performed by DeCyder 5.01 (GE Healthcare). The DeCyder DIA was initially employed for intra-gel analysis, followed by DeCyder BVA for inter-gel analysis. The DIA mode of DeCyder was employed for protein spot detection as well as for normalization of COD and control gel images to the pooled sample gel image. After spot detection, the abundance changes are represented by the normalized volume ratio (Cy3:Cy2 and Cy5:Cy2), represented by the ratio of COD or the control sample (Cy3 or Cy5) with respect to the pooled sample (Cy2). The DeCyder DIA normalization method assumes that most proteins are unchanged, having unit volume ratio. The following parameters were used for spot filtering: slope > 1.0, area < 350, peak height < 350 and volume < 100 000. The spots were authenticated manually for all the gels. Spot maps from all the gels were first matched by manual landmarks and then in automatic mode by DeCyder BVA. The protein spot matches were confirmed manually for all the gels. The average ratio (COD:control (n = 10)) as well as the corresponding Student's t-test value for each protein spot was calculated based on all gel images in the DeCyder BVA mode. 50 The protein of interest based on statistically significant t-test was further assessed by the three-dimensional spot profile to validate the spot on most of the gel images.
Mass spectrometry analysis
Protein spots of interest were subjected to mass spectrometry analysis for identification. 70 The pick list of protein spots of interest was created using DeCyder DIA. 71 Gel plugs of 2 mm size were cut robotically using the Ettan Spot Handling Workstation (GE Healthcare). 50 Picked proteins were prepared for mass spectrometry analysis using a standard in-gel trypsin digestion protocol. Briefly, the gel plugs were washed for 20 min, twice in 50 mM ammonium bicarbonate/50% (v/v) methanol in water and once with 75% (v/v) acetonitrile (ACN) in DW for 30 min or until the gel plugs turn opaque. The ACN was removed after the final wash and dry gel plugs were dried at 401C for 10 min. After the samples were cooled, they were incubated at 561C for 45 min in 40 ml of 50 mM DTT/100 mM ammonium bicarbonate. The samples were allowed to cool after discarding the solution and immediately 40 ml of 100 mM iodoacetamide was added and the samples were incubated at room temperature (RT) for 30 min in dark. After discarding the above solution, a final wash was given by 100 ml of 50 mM ammonium bicarbonate/50% (v/v) methanol in water for 10-15 min at RT followed by drying the gel plugs by vacuum centrifugation. Twenty micrograms of lyophilized trypsin (883 pmol; Promega, Madison, WI, USA) was reconstituted in 1 ml of 20 mM ammonium bicarbonate and incubated for 15 min at 371C. After drying, the gel plugs were incubated overnight at 371C in 140 ng of sequencing grade trypsin (Promega). The supernatant from trypsin digest was transferred to a low-retention 96-well plate. Peptides from the gel pieces were sequentially extracted twice in 100 ml of extraction buffer (50% (v/v) ACN and 0.1% (v/v) trifluoroacetic acid (TFA) in DW). The original tryptic supernatant and the supernatants from two sequential extractions were combined and dried in a vacuum centrifuge. The dried peptides from each gel plug were dissolved in 5 ml of 50% (v/v) ACN and 0.1% TFA in DW and 0.5 ml deposited on the stainless-steel MALDI target plate. After drying, this was mixed with 0.5 ml of 6 mg/ml of a-cyano-4-hydroxy-cinnamic acid (Sigma-Aldrich, St Louis, MO, USA) in 50% (v/v) ACN and 0.1% TFA in DW. Mass spectrometry analyses were performed using the Applied Biosystems 4700 Proteomics Analyzer (MALDI-ToF/ToF: Applied Biosystems, Foster City, CA, USA) in reflector mode for positive ion detection. The laser wavelength and the repetition rate were 355 nm and 200 Hz, respectively. All the mass spectrometry spectra resulted from accumulation of at least 2000 laser shots. The peak detection criteria used were minimum S/N of 8, local noise window width (m/z) of 200 and minimum peak width at fullwidth half-maximum (bins) of 2.9. The mass spectra were calibrated using the two trypsin auto-digest products: fragment 100-107
. 72 Mass lists were submitted to GPS Explorer (Applied Biosystems) for protein identification. 57 A maximum of 10 strongest precursor ions per sample were chosen for MS/ MS analysis. The following monoisotopic precursor selection was used for the MS/MS: minimum S/N filter of 10, excluding the most commonly observed peptide peaks for trypsin and keratin, and excluding the precursors within 150 resolution. In the ToF1 stage, all ions were accelerated to 1 kV under conditions promoting metastable fragmentation. The peak detection criteria used were S/N of 8 and local noise window width of 250 (m/z).
Protein identification
Mass lists were submitted to GPS Explorer (Applied Biosystems) to search against the NCBInr (National Centre for Biotechnology Information non-redundant) primate database for protein identification. 57 The following parameters were used: one allowed missed cleavage, 750 p.p.m. for mass/charge (m/z) error for mass spectrometry and 0.1 Da mass/charge (m/z) error for MS/MS, partial modification of cysteine (carbamidomethyl-cysteine) and methionine (oxidized). PMF and MS/MS spectra were interpreted with the Mascot software (Matrix Science Ltd, London, UK). 73, 74 Database searches, through Mascot, using combined PMF and MS/MS data sets were performed via GPS Explorer software (Applied Biosystems). The probability score calculated by the software was used as the criterion for correct identification. The algorithm used for determining the probability-based scoring with a given mass spectrum is described in detail by Pappin et al. 75 The criterion for identification was a MASCOT confidence interval greater than 95%. Protein identification was confirmed by checking the protein mass and pI accuracy. 70 
Results
Cytosolic fractions of NAc from human COD victims and controls were compared using the DIGE proteomics strategy to determine differences in the abundance levels of proteins in a pH range of 4-7 to elucidate the molecular mechanisms by which previous exposure to cocaine alters the cytosolic proteome of NAc (Figure 1 ). The total number of protein spots detected in the NAc of control and COD were 1555. Of these, 1407 protein spots were present in at least five or more control and COD subjects. The DeCyder image analysis of the images representing COD and control NAc cytosol proteome elucidated the putative COD-specific protein spots. Quantification of the individual protein spots revealed that the vast majority of B1400 protein spots were quantitatively similar. As anticipated, the majority of these proteins were gene products relegated to structural and housekeeping functions. Image analysis of fluorescently labeled NAc cytosol lysates loaded together on 2D gels identified differential distributions of 18 protein spots characterized by 15 proteins after chronic exposure to cocaine (Figure 2) . The most prominent categories of altered expression were membrane-associated proteins and proteins involved in cytoskeletal transformation. Even though there have been many studies reporting the cocaineinduced alterations in gene expression, this is the first study that utilizes a non-candidate approach to decipher the involvement of novel proteins and pathways. Figure 2 Representative 2D-DIGE-based comparison of control and COD groups. A representative 2D-DIGE image of cytosolic proteins from human the NAc control group. Cytosolic proteins were fractionated in the first dimension by a 4-7 linear pH gradient (pI) and in the second dimension by an 8-15% gradient SDS-PAGE gel (molecular weight, kDa). The areas marked with boxes are magnified and shown separately (A-G) and are compared with the corresponding areas from the COD group (A 0 -G 0 ). The numbered protein spots marked with arrows are differentially regulated between control and COD subjects and correspond with numbers in Figures 2 and 3 , and Table 3 .
Several proteins exhibited statistically significant increases in COD victims including tubulin beta 2 (TUB2), desmoplakin, 60 kDa chaperone, liprin-a3 and neuron-specific enolase (NSE), whereas other proteins were statistically decreased in the COD victims including ATP synthase b-chain (ATPB), peroxiredoxin 2, isoform a (PRDX2) and centrosome protein cep290 (Figures 3 and 4) . Several protein Figure 3 Differentially expressed proteins between COD and control groups. Quantitative assessments of protein spots were made using DeCyder-based quantitation software by comparing Cy2-normalized signal intensities for COD and control subjects. Each panel depicts the age-matched COD/control pairs (filled circles) and mean standardized log abundance of the groups (red-filled star). Three-dimensional images of the identified protein spots from representative COD and control subjects are provided and the standardized log abundance value for the respective outlined peaks are identified as the blue circles and lines in the plot. All proteins in the figure are significantly different between the two groups (P < 0.05).
spots showed a strong trend towards differential expression, but were not statistically significantly different (spot 2: glial fibrillary acidic protein (GFAP) (P = 0.084); spot 5: sodium channel associated protein 1 (P = 0.079); and spot 15: brain type aldolase (P = 0.067)); however, the magnitude of differential expression warrants their inclusion. A representative DIGE gel image of the control NAc cytosol is shown in Figure 2 . The areas of interest are magnified to show the abundance patterns of 18 protein spots, which were differentially regulated and characterized as 15 unique proteins. The magnitude of differential expression varied from a 1.21-fold decrease for braintype aldolase (spot 15; Figures 2 and 4) to a 3.27-fold increase in the steady-state levels of TUB2 (spot 4; Figures 2 and 3) . Notably, the expression of GFAP (spots 1 and 2) was greater in COD victims as shown in Figures 2 and 3 .
Methodological considerations
Many of the proteins identified were confirmed by sequencing the peptide mass spectra obtained by Figure 4 Differentially expressed proteins between COD and control groups. Quantitative assessments of protein spots were made using DeCyder-based quantitation software by comparing Cy2-normalized signal intensities for COD and control subjects. Each panel depicts the age-matched COD/control pairs (filled circles) and mean standardized log abundance of the groups (red-filled star). Three-dimensional images of the identified protein spots from representative COD and control subjects are provided and the standardized log abundance value for the respective peaks are identified as the blue circles and lines in the plot. All proteins in the figure are significantly different between the two groups (P < 0.05). Abbreviations: COD, cocaine overdose; MALDI-ToF/ToF, matrix-assisted laser desorption ionization-time of flight-time of flight; NAc, nucleus accumbens. Figure 5a is representative of protein identification in this study. The GFAP identification was validated by sequencing two peptides, ALAAELNQLR [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] and LADVYQAELR, [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] having precursor ion m/z of 1098.6 and 1177.6, respectively (Figure 5b and c) . Some of the protein spots that yielded significant DeCyder ratios were not identified with MALDI-ToF-MS, which can be attributed to insufficient amounts of protein.
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Significant differences (P < 0.05; Student's t-test) were found in the relative abundance of proteins from all the COD and control subjects for the protein spots (Figures 3 and 4) , which correlate with the identified spot numbers (Figure 2 and Table 3 ). The intra-and inter-group variability of expression for all the protein spots and corresponding three-dimensional images are depicted in Figures 3 and 4 . A number of proteins extracted from 2D gels were constitutively expressed in the control and COD groups and were identified by MALDI-ToF-MS and MALDI-ToF-MS/MS mass spectrometry (Table 4 and Figure 6 ). These belonged to the following groups: inter-and intracellular signaling, cell morphology, protein folding and stability, cell proliferation and apoptosis, and putative regulators of transcriptional and post-transcriptional modes of muscle-specific gene expression, fully realizing that such a classification is somewhat arbitrary as a number of proteins could be assigned to more than one functional category. It should be noted that although some of the differentially expressed proteins seen here are already known to be either directly or indirectly involved in COD, a number of gene products (e.g. liprin-a3) with unprecedented involvement in COD were also identified in the current study.
2D-DIGE is a technical advance over standard two dimensional gel electrophoresis (2DGE) methods in which the lysine groups on proteins are directly labeled with Cy dyes before IEF, thus allowing 2-3 samples with different dyes to be electrophoresed on the same gel. 117 The major advantage of the approach is the ability to compare experimental and control samples on the same gel, thus reducing variability in spot recognition and variability between gels as well as reducing the number of gels that are required. The accuracy of quantitation as well as the statistical confidence obtained for the differentially regulated proteins is significantly higher using the experimental design of 2D-DIGE. 47, 63, 117, 118 Moreover, 2D-DIGE offers the most reliable quantitation of any twodimensional gel electrophoresis (2DGE) method, is comparable in sensitivity to the silver staining method, yet is compatible with the downstream mass spectrometry protein characterization (as majority of the lysine residues remain untagged and accessible for tryptic digestion). An important caveat of the labeling method is that proteins with a high percentage of lysine residues are likely labeled more efficiently compared with the proteins with few/no lysine residues. Therefore, the possibility remains that a protein spot identified as highly abundant Abbreviations: COD, cocaine overdose; MALDI-ToF/ToF, matrix-assisted laser desorption ionization-time of flight-time of flight; NAc, nucleus accumbens.
Proteomics and cocaine abuse N Tannu et al using conventional 2DGE with Coomassie or silver staining could be of medium or even low abundance as revealed by 2D-DIGE due to low lysine content. The selection of specific pH range used in the present study for separation of proteins in the first dimension was determined empirically and was based on the pH range that provided optimal resolution of proteins present in the complex mixture in question. Previous studies have utilized broad-range pH strips 46, 49, 50 as well as more narrow-range pH strips 51, 55, 56, 72 for a range of complex protein samples. For complex protein mixtures, it has been noted that the majority of the protein spots resolved using 3-10 pH strip usually fall between 4 and 7 pH. 72, 117 In the present study, IEF for a pH range of 4-7 resulted in an average of 1407 protein spots that could be clearly differentiated and thus subjected to statistical analysis. A preliminary study of the same samples indicated detection of an average of 840 protein spots resolved in the 3-10 pH strip. 120 These findings suggest that the use of narrower pH range (pH 4-7) resulted in better resolution of spots and a detection of a greater number of spots than obtained with an IEF range of pH 3-10. Another advantage of using narrower pH ranges for IEF is that broader pH ranges (e.g. 3-10) result in co-migration of proteins as noted by the identification of more than one protein per protein spot by mass spectrometry analysis, thus precluding quantification of the identified proteins. An important caveat of the narrower pH range for IEF is the exclusion of proteins with isolelectric points greater than or less than the range (e.g. G proteincoupled receptors). To address such issues, we are employing multidimensional liquid chromatographic techniques to analyze such proteins to better resolve acidic/basic and hydrophobic proteins.
Discussion
The expression of 15 polypeptides was consistently altered in the NAc of COD subjects, which included proteins for several families such as structural, synaptic plasticity/signal transduction, mitochondrial and metabolic. Cytosolic fractions of NAc from control and COD human victims were compared by a non-candidate, large-scale method of proteomics that involved resolution of proteins by 2D-DIGE, DeCyder image analysis followed by identification of target proteins by tandem mass spectrometry. DeCyder image analysis of the most abundant 1407 cytosolic proteins revealed that a vast majority of these most likely represented gene products relegated to structural and/or housekeeping functions and apparently did not undergo major regulation. The 2D-DIGE is not compatible with the assessment of post-translational modifications such as phosphorylation and glycosylation. Phosphorylation studies using non-human primate models have been initiated, as the postmortem interval precludes assessment of phosphorylation status in human tissue (unpublished data).
A protein associated with synaptic plasticity was identified as differentially regulated between COD and control subjects (liprin-a3, þ 2.56), adding further information to the documented cocaineinduced molecular adaptations in the NAc. 40, [76] [77] [78] [79] Liprin-a3 (protein tyrosine phosphatase receptor type f polypeptide-interacting protein: PTPRF-interacting protein alpha 3) belongs to the Liprin family. Glutamate receptor interacting protein I binds via PDZ6 to the carboxyl-terminus of liprin-a protein, an interaction important in surface expression and synaptic targeting of AMPA type glutamate receptor mediated by the movement along the microtubular track.
80 KIF1A kinesin motor is associated with liprina and liprin-a-interacting Rab3A-interacting molecules, assisting in kinesin-mediated neuronal transport. 81 The functional significance of liprin-a at the mammalian synapses is largely unknown. Liprin-a binds to receptor protein tyrosine phosphatase (Dlar), which suggests that liprin-a3 and Dlar are involved in the formation of presynaptic active zones. 82 MALS-CASK-Mint 1 complex occurs pre-and postsynaptically and has a distinct role in both the locations. 83, 84 Postsynaptically MALS is known to bind to NMDA receptors and also involved in the transport of NMDA receptor vesicle along microtubules. 85, 86 MALS, an essential component of neurotransmitter release, exists as a component of a large presynaptic complex in which liprin-a is also a part. The synaptic AMPA and NMDA receptors have complex roles in the NAc in cocaine relapse. There occurs attenuation of reinstatement response after intra-NAc administration of AMPA/kainite receptor agonists. 87, 88 Increased protein levels of GluR1 and GluR2/3 and the NMDA receptor subunit NR1 have been documented in rats after withdrawal from chronic cocaine administration. 78, 89 Significant elevations in NR1, GluR1, GluR2/ 3 and KA2 mRNA and protein levels have been documented in the VTA of COD victims. 43 Recently, we reported increased protein levels of NR1, GluR2/3, GluR1 and GluR5 in the NAc of rhesus monkeys selfadministering cocaine; however, humans with COD showed a significant increase of only NR1 and GluR2/ 3 in NAc. 44 The increased expression of liprin-a in human COD victims probably plays an important role in mediating the AMPA and NMDA receptor movement along the microtubular track to the synaptic membrane.
In the present study, the two metabolic proteins identified as differentially regulated in the NAc of COD subjects were NSE ( þ 1.9, þ 1.69) and PRDX2 (À1.29). Glucose is the major source of nutrition for the brain and its metabolism via the glycolytic pathway generates ATP, a critical source of energy for cellular and molecular functions, as well as acetylCoA for the formation of acetylcholine and cholesterol, the main sterol in the brain. Previous studies have demonstrated altered metabolism as a function of cocaine administration in rats, 90 monkeys 91,92 and humans; 6, 19 however, few studies have attempted to understand the metabolic processes underlying altered regional glucose utilization. NSE is involved in the third step of glycolysis and catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate and is known to be brain specific. NSE, the gamma isoform of enolase, can form either heterodimers with the alpha isoform or homodimers, and is specific for neuronal cell bodies and axons. Altered NSE abundance appears to be isoform specific, as the alpha isoform, which is also located in neurons, is not significantly changed in COD subjects. Interestingly, glucose metabolism was altered in the NAc of rhesus monkeys following acute cocaine administration, 91 as well as acute and chronic cocaine self-administration. 92 The differential regulation of this glycolytic enzyme likely reflects a shift in metabolism, whereas NAc neurons are under cocaine-induced stress and may indicate a disturbance in glucose metabolism in this region. Future studies are needed to determine activity-related changes (i.e. post-translational modifications) in these enzymes that would render them functionally consequential.
PRDX2 is a member of the peroxiredoxin family of antioxidants and is involved in redox regulation of the cell by reducing peroxides with reducing equivalents provided through the thioredoxin system. Like PRDX1, PRDX2 is a highly abundant cytosolic protein and is a primary regulator of H 2 O 2 generated by cell surface receptors. 93 PRDX2 is expressed in neurons but not in glial cells 94 and appears to be located primarily in cells vulnerable to oxidative stress and ischemic injury, such as the hippocampus and cerebellum. 94 PRDX2 provides an important function by protecting protein and lipids against oxidative injury 95, 96 and regulates apoptosis 97 by eliminating peroxides generated during metabolism. Previous research has shown that cocaine administration increased lipid peroxidation, 98 altered antioxidant enzyme activity and elevated reactive oxygen species in dopaminergic projection areas 99, 100 all of which suggests the likelihood of H 2 O 2 accumulation and oxidative stress. Interestingly, the changes in PRDX2 may be subtype specific, as PRDX6, another cytosolic peroxiredoxin, was not significantly changed in the COD subjects.
Proteomic analysis also revealed a significant decrease in ATPB (À1.31), involved in mitochondrial function, in COD victims. ATPB is the catalytic subunit of the CF(1) component of F(O) type ATPases located on the inner membrane of mitochondria. The ATP synthase complex utilizes ADP in the presence of a proton gradient across the membrane to produce ATP. These data are commensurate with research showing decreased mitochondrial gene expression in rats administered cocaine 36, 101 and further suggest decreased energy metabolism in the NAc as a function of cocaine administration.
Four proteins involved in cellular structure were found to be increased to varying degrees in COD subjects: TUB2 ( þ 2.72, þ 3.27), desmoplakin ( þ 1.34) and chaperonin ( þ 1.41) and GFAP ( þ 1.60, þ 1.41). Increased TUB2 protein expression in the NAc of human COD victims is an original documentation of the current study. The highly acidic carboxyterminal region binds cations such as calcium, which is particularly interesting in the light of previous findings showing elevated NR1 and GluR2 protein levels in the NAc of COD victims, 44 which mediate increased calcium flux in this region. Interestingly, calcium currents are decreased in the NAc following cocaine withdrawal. A decrease in D1 receptor stimulation and activation of cAMP signaling suppresses calcium currents after cocaine withdrawal in NAc neurons. The reduction of calcium currents in NAc following chronic cocaine administration possibly affects Ca 2 þ -dependent processes such as synaptic plasticity, transmitter releases as well as intracellular signaling cascades and thereby reducing information processing during cocaine withdrawal. 101 Based on the findings of the current study, we hypothesize that the reduction in calcium currents in the NAc may mediate increased TUB2 levels by altered interaction with its acidic carboxy-terminus. Tubulin, a dimer of a-and b-chains is a major constituent of microtubules. It binds 2 mol of GTP, one at an exchangeable site on the b-chain and one at a non-exchangeable site on the a-chain. In addition to transport of biosynthetic products and organelles, the microtubule-dependent transport is important for signal transduction. 103, 104 In disease, the aggregates and jams cause transport dysfunction by decreased levels of anterograde cargoes vital for axonal and synaptic function. 105 Detected isoforms of GFAP in COD victims were increased approximately 40 and 60% above controls levels -each with trends though not statistically significant at the 0.05 level. The functional relevance and specificity of elevated GFAP isoforms in the NAc of COD remains equivocal, as similar increases have been observed in post-mortem brain tissue from other diseases including frontal cortical regions of victims of suicide 106 and Alzheimer's disease, 107, 108 as well as in biopsy samples from temporal lobe epilepsy. 109 Previously, several GFAP isoforms were shown to be decreased in the frontal cortex of individuals diagnosed with schizophrenia, bipolar disorder and depression. 51 Comparisons of previous studies with the current results are difficult owing to differences in the brain regions and the mass spectrometry procedures (e.g. ES-MS or MALDI-ToF vs MALDI-ToF/ToF). The design and techniques of the current study do not enable assessment of post-translational modifications of proteins; however, assessments of such modifications are warranted. Interestingly, Albertson et al. 42 demonstrated a clear decrease in the mRNA levels of oligodendrocytic proteins (another type of neuroglia) including MBP, PLP and MOBP with similar decreased protein levels of MBP in the NAc of cocaine abusers. Astrocytes play an important role in synaptic plasticity through interactions with adjacent neurons and GFAP plays an important role in stabilizing the astrocytic processes. 110, 111 In addition to the aforementioned proteins, two other proteins of interest were found to be decreased in the NAc of COD subjects: parvalbumin (À2.21) and DnaJ homolog subfamily C member 7 (tetratricopeptide repeat protein 2) (-1.66). Parvalbumin is a calcium binding protein that regulates transport and buffering of intracellular calcium 112 and within the NAc is localized in GABAergic interneurons -cells that regulate input and output of these structures including medium spiny neurons even though there are few parvalbumin neurons. 113 In the NAc, these cells are unevenly distributed, with greater density in the lateral portions of the core and shell of NAc. 115 A previous study in rats demonstrated that sensitization to the locomotor effects of cocaine is accompanied by increased parvalbumin reactivity in the striatum and with decreased number of parvalbumin immunoreactive neurons in the NAc shell and dorsolateral striatum following 14 days of withdrawal from cocaine 115 decreased 40% in striatum following methamphetamine administration in mice. 116 
Summary
The study identified several proteins that were differentially expressed between COD and controls subjects in the NAc, some of which have been reported previously and others that are reported for the first time. The analysis of the NAc proteome is far from comprehensive; however, better protein fractionation schemes combined with sensitive isobaric tags for relative and absolute quantification (iTRAQ) mass spectrometry methods are being developed to further explore the NAc proteome in cocaine addicts with particular attention to changes in membrane and nuclear protein fractions. Understanding the multitude of protein systems and pathways altered by cocaine and other abused drugs is imperative for the development of a comprehensive understanding of the neuropathophysiology associated with cocaine abuse.
